of R. stolonifer, even after a radiation exposure (LDgg) SOMMER, N. F. (University of California, Davis), MIN capable of inactivating the colony-forming ability of the T. CREASY, E. C. MAxIE, AND R. J. RoMANI. Production fungus. This was considered evidence that maceration was Of pectolytic enzymes by Rhizopus stolonifer continuing, even after most fungal cells supposedly had spores after "lethal" gamma irradiation. Appl. Mirogi been inactivated. Therefore, the present study was made 11: 463-466. 1963.-Irradiated sporangiospores of Rhizopus to determine the capability of irradiated fungal cells to stolonifer excreted pectolytic enzymes, which hydrolyzed produce enzymes which could macerate plant tissue after pectin and macerated potato tuber discs, into the sus-destrution of their colony-forming potential. pending medium. Pectin glycosidase, but not pectin MATERIALS AND METHODS methylesterase, activity developed regardless of the amount of radiation the spores had received, unless the Sporangiospores. R. stolonifer cultures were grown m dose exceeded about 1 megarad. The ability to produce 300-ml Erlenmeyer flasks on 100 -ml of cherry or V-8 juice pectolytic enzymes was found to be more radiation-agar medium, and sporangiospores were harvested as resistant than the potential for colony formation or the previously described (Sommer et al., 1963) . The freshly ability to germinate. Spores made incapable, through harested sporangiospores were suspended in deionized irradiation, of forming colonies continued to produce ditilled water prior to irradiation. To inhibit germination, pectolytic enzymes after a 6-day period following irradia-the spores were concentrated in the suspension to about tion treatment.
Sporangiospores. R. stolonifer cultures were grown m dose exceeded about 1 megarad. The ability to produce 300-ml Erlenmeyer flasks on 100 -ml of cherry or V-8 juice pectolytic enzymes was found to be more radiation-agar medium, and sporangiospores were harvested as resistant than the potential for colony formation or the previously described (Sommer et al., 1963) . The freshly ability to germinate. Spores made incapable, through harested sporangiospores were suspended in deionized irradiation, of forming colonies continued to produce ditilled water prior to irradiation. To inhibit germination, pectolytic enzymes after a 6-day period following irradia-the spores were concentrated in the suspension to about tion treatment.
15.5 X 106 spores per ml. Under these conditions, most nonirradiated spores became swollen in a manner typical of the initial stages of germination, but germ-tube forma----Rhizopus stolonifer (Ehr. ex Fr.) Vuill., a black bread tion could be prevented for several days (Sommer et al., mold, is a cosmopolitan fungus capable of attacking and 1963).
decaying numerous organic materials, particularly those Irradiation. The irradiation was performed in an AEC of plant origin. The decay in plant tissues is associated CoI0 food irradiator (Romani et al., 1962) at 275 or 320 with, and possibly dependent upon, maceration by hy-kilorads/hr, depending upon the chamber used. The drolysis of the insoluble pectate of the middle lamella. irradiation temperature was about 27 C. Also, certain fruit hosts of this fungus undergo softening Pectolytic enzyme production. After irradiation, the during ripening as a result of pectin hydrolysis. Pre-spores were centrifuged, and the irradiated water was sumably, in this latter instance, the fruit tissues are removed and replaced with an equal volume of sterile synthesizing the same or similar pectin-hydrolyzing potato-dextrose-pectin broth medium consisting of 0.8% enzymes as are synthesized by R. stolonifer. Thus, pecto-Difco potato extract, 2 % dextrose, and 1 % citrus pectin, lytic enzyme production is important both in decay and adjusted to pH 6.5. Portions (20 ml) of the suspension in normal physiological ripening processes of fruit.
were placed in 125-ml Erlenmeyer flasks and incubated Several extracellular enzymes are produced by R. at about 24 C on a rotary shaker which provided a swirling stolonifer (Srivastava, Echandi, and Walker, 1959) . Pectin motion of 160 cycles/min at an amplitude of about 0.5 in. methylesterases catalyze the hydrolysis of methyl ester At the completion of each 24-hr period, ending at 24, groups of pectin or pectinic acids. Pectin glycosidases, 48, and 72 hr after irradiation, the spores were removed which attack the glycosidic linkages of the pectin chain, from suspension by centrifugation. The liquid portion was catalyze the formation of monogalacturonic acid and collected and held in the frozen state, and the spores were polygalacturonic acids of intermediate molecular weights resuspended in fresh medium after every 24-hr period (Kertesz, 1951) . Groups of enzymes, rather than sinle until termination of the test. This potato-dextrose-pectin F0tities, evidently are involved (Saito, 1955; Deuel and broth,-containing pectin hydrolysis (Kertesz, 1951) . The 1.5 % citrus pecti substrate contained 0.1 N sodium chloride. A 15-ml amount of the enzyme solution and 60 ml of the substrate were adjusted to pH 5.5 prior to mixing. After 3 hr at 30 a 0.02 C, the reaction mixture was titrated to pH 7 with standard 0.1 N sodium hydroxide.
Pectin glycosidase activity was determined by measuring the ability of the enzymes to reduce the viscosity of a citrus pectin solution. The substrate was 1.5 % citrus pectin in 0.05 M citrate buffer. Unless otherwise indicated, the pH was 4.5. Enzyme solution (2 ml) was mixed with 10 ml of substrate in a no. 300 Fenske-Ostwald viscometer $t 30.5 4 0.02 C. Viscosity readings were made after 30 min, unless otherwise indicated, and data were expressed as percentages of the original viscosity. For controls, the enzymes were inactivated by autoclaving at 20 psi for 15 min before addition to the substrate.
Paper chromatograms of reaction mixtures were compared with chromatograms of D-monogalacturonmc aid (Nutritional Biochemicals Corp., Cleveland, Ohio). Approximately 0.3 ml of the reaction mixture was spotted 3 cm from the bottom of Whatman no. 3 MM chromatographic paper sheets (46 by 57 cm). The unidirectional chromatograms were developed by the ascending method for about 24 hr at 24 C, with n-butanol-acetic acid-water After drying, the developed chromatograms were sprayed with a solution of benzidine, 500 mg; glacial acetic acid, 200 ml; and absolute ethanol, 80 ml. Then the chromatograms were heated at 125 C for 10 min.
Plating. Dose-effect curves for inactivation of the colony-forming ability of the spores were determinedc by plating on potato-dextrose-agar either immediately after irradiation, or after a 2-day period of inhibited germmation. Colonies were counted while still small by use of 20X or 30X magnification. Swelling and germination of the spores in plates were determined by examination with the aid of 200X magnification. Figure 1 shows the dose-effect curves for inactivation o4 the colony-forming potential when sporangiospores wer tested immediately after irradiation and after 2 da during which germination was inhibited. These were co pared with similar curves for loss of ability to swell, produce germ tubes, and to produce pectolytic enz after irradiation. When the spores were plated immedia after irradiation, the LD99 for inactivation of the cob forming potential was less than 0.4 megarad. This c pared with about 0.9 megarad if they were held for 2 d in a dense suspension prior to plating. The differ between the two curves indicates the "rescue" which`Xoccurred during the (Fig. 2) . 20 _ \ A high rate of tissue maceration was noted between pH 3.0 and 5.0. Similar pH effects were noted in tests of pectin viscosity reduction (Fig. 3) . Within the first 24 hr, the sporangiospores exereted iO 20 30 40 50 highly active pectolytic enzymes into the potato-dextrose-10 20 30 40 50 pectin broth suspending medium (Fig. 4) . Generally, even TIME (mins)
RESULTS
higher activity was noted after the second and third FIG. 2. Time course for decrease in viscosity of citru8 pectin 24-hr periods. In these three periods, the pectolytic enzyme (dash line), or the softening of potato tuber discs (solid line), result-production was only slightly influenced by the amount of ing from the activity of pectolytic enzymes produced by Rhizopus irradiation the spores had received, unless the dose ex- periods of time. In several tests, the pectolytic enzyme production was followed for longer than 3 days. In the 24-hr period ending on the seventh day after the spore received a 1-megarad dose, a reduced but still appreciable pectolytic enzyme activity was observed.
In one test, the sporangiospores were kept in water instead of potato-dextrose-pectin broth medium during the postirradiation period. No pectolytic enzyme activity was detected in tests of the suspending liquid after 24, 48, or 72 hr.
Paper chromatograms of citrus pectin after digestion by pectolytic enzymes for relatively long reaction times (12 to 24 hr) exhibited a spot corresponding closely to D-monogalacturonic acid with regard to RF value and color reaction. Furthermore, such reaction mixtures developed a characteristic red precipitate when heated in the presence of lead acetate. Therefore, the glycosidase activity evidently resulted in the hydrolysis of a portion of the citrus pectin to monogalacturonic acid. No attempt was made to estimate the portion of the substrate degraded to monogalacturonic acid.
Under the test conditions, little or no pectin methylesterase activity was detectable after a 24-hr period with or without prior irradiation of the sporangiospores.
DISCUSSION
It is clear that sporangiospores of R. stolonifer can synthesize abundant enzymes capable of macerating plant tissue, even after the loss through irradiation of their ability to form colonies. A striking "rescue" of the colonyforming potential of sporangiospores occurs if germination is inhibited after irradiation (Sommer et al., 1963) . Nevertheless, pectolytic enzyme production by the spore continues unabated after the potential for unlimited growth has been irreversibly lost.
A potential problem therefore exists when foods are irradiated to control pectolytic-enzyme-producing fungi. Assuming that fungus mycelia in decay areas behave similarly to sporangiospores, pectolytic enzymes would be produced and tissue maceration would continue for a time, despite an irradiation treatment sufficient to stop mycelial growth. The limited but noticeable extension of areas that appear water-soaked around lesions in strawberry fruits indicates that irradiated mycelium is similarly capable of producing macerating enzymes. The importance of the continued production of pectolytic enzymes likely depends upon the amount of mycelium present. Little continued tissue maceration would be expected if the irradiation treatment was provided during the early stages of decay-lesion development when the amount of mycelium is still small. If lesions are large at the time of irradiation, however, maceration sufficient to limit seriously the effectiveness of the treatment might occur.
Inactivation of the ability to produce pectolytic enzymes tended most nearly to relate to the dose affecting the ability of the spore to swell. The relationship of the two curves suggests that spores which had undergone only modest swelling (here considered nonswollen) were, in fact, capable of considerable enzyme production. It would appear unlikely that spores made entirely incapable of swelling by irradiation would synthesize pectolytic enzymes in appreciable amounts.
Enzyme production was less during the first than during the second and third 24-hr periods after irradiation, but this was not related to irradiation dosage. It was likely due to adaptation of the enzymes. Because of the adaptive nature of pectolytic enzymes (Deuel and Stutz, 1958) , some time may pass after spores are placed in a pectin medium before pectolytic enzymes are produced. In addition, a portion of the first 24 hr may elapse before spores become swollen.
The production of high pectin glycosidase activity but no pectin methylesterase activity is in general agreement with the report of Srivastava et al. (1959) . In their studies, pectin methylesterase was not produced by mycelium of R. stolonifer growing in swveet-potato broth, Fernando's medium, or Fernando's medium with 1 % pectin, although activity was noted in extracts from decay lesions in sweet potatoes.
In these studies, the prevention of germination after irradiation effectively eliminated differential growth rates as a cause of differences in pectolytic enzyme production. When germination was not inhibited, the nonirradiated spores germinated first, and a larger number grew to form extensive mycelium. Under those conditions, the nonirradiated fungus mycelium produced pectolytic enzymes most abundantly. Furthermore, the concentration of spores into a dense suspension proved an effective method of preventing germination, although the potential for germination remained. Although the nature of the inhibition of germination is not completely understood, the presence of a chemical self-inhibitor appears likely (Stadler, 1952 
